Crude extracts of normal human diploid fibroblasts and of human peripheral blood lymphocytes excise thymine dimers from purified ultraviolet-irradiated DNA, or from the DNA presumably present as chromatin in unfractionated cell-free preparations of cells that had been labeled with [3H]thymidine. Extracts of xeroderma pigmentosum cells from complementation groups A, C, and D also excise thymine dimers from purified DNA, but extracts of group A cells do not excise dimers from the DNA of radioactively labeled unfractionated cell-free preparations.
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The DNA repair mode most clearly established in mammalian cells is that of excision' of damaged nucleotides. An observation of particular interest is that cells from patients suffering from the disease xeroderma pigmentosum (XP) are defective in excision repair of pyrimidine dimers from DNA (1) (2) (3) . XP is a rare autosomal recessive hereditary disease characterized by a severe photosensitivity and an extremely high incidence of skin cancer involving the exposed regions (4, 5) . The genetics of the disease appear to be complicated, since studies using cell hybridization reveal a number of distinct complementation groups designated A-E (6-10). Cells from complementation group A show an extreme defect in unscheduled DNA synthesis after ultraviolet (UV) radiation (approximately 0-5% unscheduled DNA synthesis compared to normal cells). The extent of defectiveness of excision repair in cells from other complementation groups is controversial (11, 12) .
The biochemical basis for the defect(s) in excision repair in XP cells is unknown. In the present studies we have examined extracts of normal human diploid fibroblasts, human peripheral blood lymphocytes, and cells from XP patients. Our results show that extracts of both normal and XP cells (complementation groups A, C, and D) are able to excise thymine dimers from UV-irradiated Escherichia coli DNA with a high degree of specificity. Extracts of normal human fibroblasts can also excise dimers from their DNA (presumably present as chromatin) in a cell-free system; however, extracts of XP group A cells fail to do so. MATERIALS Assay of Thymine Dimer Excision. Incubation mixtures (0.8-1.3 ml) contained between 0.15 and 0.50 ml of either prelabeled sonicated whole cell extract or unlabeled crude extract as defined above. In unlabeled crude extract, 3.0-4.0 gg of 3H-labeled E. coli, T7, or XP DNA (specific activity about 70,000 cpm/Ag) was included. In addition, all incubation mixtures contained MgCl2, 3.0 mM; the four usual deoxynucleoside triphosphates, 0.05 ,umol of each, and Tris-HCl buffer at pH 8.0, 50.0 mM. Incubations were at 370 for 18 min unless otherwise stated. Incubations performed in total darkness, under yellow light, or under white fluorescent light gave identical results, but were routinely done in the dark. Reactions were terminated by the addition of cold trichloroacetic acid (5% final concentration), using carrier protein in tubes without added extract. Tubes were kept on ice for at least 15 min, and then centrifuged at 3000 rpm for 5 min. The acid-precipitable fractions were hydrolyzed in 98% formic acid for 40 min at 1800, and the thymine dimer content was determined by one-dimensional thin-layer chromatography on silica gel thin-layer plates (16) . The thymine dimer content of the acidprecipitable fraction was expressed as the ratio of the radioactivity in thymine-containing pyrimidine dimers to that in thymine monomer. The value obtained in control samples (no extract added) was normalized to 100%, and all other values are expressed relative to that. In all experiments individual data points were determined in triplicate and on occasion in quadruplicate.
General degradation of purified DNA or DNA in unfractionated extracts during incubations was determined by measuring radioactivity in an aliquot of the acid-soluble fractions.
Preparation of Mycoplasma Cell-Free Extract. Mycoplasma hyorhinis were grown in 100 ml of mycoplasma medium (17) . The organisms were harvested in late logarithmic phase (about 5 X 108 cells per ml) by centrifugation at 15,000 rpm for 20 min. The pellet was washed three times in 0.15 M NaCl and resuspended in 5 ml of phosphate-buffered saline, pH 7.4, containing 1.0 mM 2-mercaptoethanol. The suspension was sonicated with three pulses for 10 (19) . The excision activity was restored, however, by addition of purified T4 UV-endonuclease to the incubation mixture (19) , suggesting that the freezing-sensitive component is a UV-specific endonuclease or endonuclease-related activity. The freezing sensitivity of extracts of human fibroblasts and peripheral blood lymphocytes was confirmed in the present experiments.
We interpret the loss of thymine dimers from the acid-insoluble fraction of DNA to be the result of enzymatic excision. The specificity of this reaction is indicated by the observation that the loss of between 50 and 90% of the thymine dimers from DNA is accompanied by the degradation of 0.5-2.0% of the total DNA measured by the release of total acid-soluble nucleotide. The excision of thymine dimers from purified DNA is dependent on divalent cation, and all activity is lost when EDTA is substituted for MgCl2. The inclusion of the four usual deoxynucleoside triphosphates in the incubation mixture is based on the observation that they stimulate the rate of thymine dimer excision by extracts of HeLa and WIL II cells (19 (1) .
Excision of thymine dimers from DNA in unfractionated cell-free extracts In the light of the results using purified DNA as the substrate, we investigated the capacity of extracts of normal and XP cells for dimer excision from their own UV-irradiated DNA present in unfractionated cell extracts. Fig. 2a shows that fresh crude extracts of [3H]thymidine-labeled WI-38 cells excise about 40% of the thymine dimers from their own DNA during the incubation. The extract also excises 90% of the dimers from [14C] thymidine-labeled E. coli DNA present in the same incubation mixture (Fig. 2a) . On the other hand, extracts of similarly labeled XP group A cells fail to excise dimers from their own DNA but continue to excise dimers effectively from purified E. coli [14C]DNA. Table 2 summarizes the results of a number The thymine dimer content of the [3H]DNA present in cell-free unfractionated extracts varied between 0.07 and 0.14% prior to incubation. That of the purified E. coli [14C] DNA varied between 0.14 and 0.26% in different experiments. These values are the means of triplicate determinations for each data point. Cell-free extracts were prepared and incubations were done as described in the text. Where indicated, 0.05 ml of T4 UV-endonuclease was included. The data shown in the Table are of such experiments, in all of which there is a consistent failure to observe a significant loss of dimers from untreated XP DNA, although there is excision of about 80% of the thymine dimers from purified E. coli DNA. The addition of purified T4 UVendonuclease to extracts of prelabeled XP cells stimulates slightly the excision of dimers from the DNA in these extracts ( Table 3) .
The failure to observe thymine dimer excision from the DNA present in crude extracts of prelabeled XP cells is not due to a detectable defect in XP DNA. DNA purified by phenol extraction of chromatin isolated from XP cells is as effective a substrate as that from E. coli or phage T7 (data not shown). Furthermore, as shown in Fig. 3 , when extracts from 5 X 106 unlabeled WI-38 cells are incubated with extracts from 5 X 106 3H-labeled XP fibroblasts, excision of about 50% of the thymine dimers from the DNA in the XP extracts is observed. Thus, extracts of WI-38 cells excise dimers from XP "chromatin" as efficiently as from their own (Fig. 2a) . Similar results are obtained with the nontransformed strain XP12BE (data not shown). However, when the unlabeled WI-38 extracts are frozen and then thawed, excision of dimers from the [3H]thymidine-labeled DNA in unfrozen XP cell extracts is not observed (Fig. 3) There have been numerous reports of endonucleases from mammalian cells that preferentially attack UV-irradiated DNA (27) (28) (29) (30) (31) (32) (33) . However, there is no evidence that any of these endonucleases specifically attacks DNA at pyrimidine dimer sites. Indeed, in some instances (27, 32) , evidence is presented that an endonuclease from calf thymus attacks UV-irradiated DNA at sites other than pyrimidine dimers. In the present study we have attempted to select for specificity of enzyme activity by establishing a cell-free system that measures the preferential loss of pyrmidine dimers from the acid-insoluble fraction of UV-irradiated DNA. Under our experimental conditions the incubation of UV-irradiated E. coli, phage, or human DNA with crude extracts of human diploid fibroblasts or resting peripheral blood lymphocytes results in an extremely low level of nonspecific degradation of the DNA with a highly selective excision of thymine-containing pyrimidine dimers. The demonstration that extracts of XP cells (complementation groups A, C, and D) are also able to selectively excise dimers, leads us to the suggestion that such cells are not defective in the enzymes required for excision repair from purified DNA.
The excision of thymine dimers from DNA in unfractionated cell-free extracts prepared by sonication apparently requires an additional or alternative factor(s) defective in extracts of complementation group A XP cells.
Our studies thus far indicate that the biochemical defect is not at the level of the substrate, since extracts of normal fibroblasts can excise dimers from the DNA in crude extracts of XP cells. The failure to observe excision from XP "chromatin" by previously frozen WI-38 cell extracts indicates that the "XP factor" is sensitive to freezing. The observation that the endonuclease activity that effects dimer excision from purified DNA is also sensitive to freezing may be a clue that the "XP factor" is intimately associated with dimer-specific endonuclease. That the defect in dimer excision from cell-free extracts is indeed at the level of endonucleolytic incision is supported by the observation that the addition of purified T4 UV-endonuclease stimulates the excision of dimers from the DNA of XP cell-free preparations. This experiment is by no means definitive, however, since the T4 and human UV-endonucleases may attack pyrimidine dimers at different sites.
The extent to which the DNA present in these extracts resembles DNA associated with chromosomal proteins in living cells is not known. It is possible that sonication and/or proteo-lysis in the extracts alter the conformational structure of the chromatin. Further studies using defined chromatin substrates will be required to elucidate these points. Nonetheless, our present results demonstrate a biochemical defect in cell-free extracts that mimics a defect known to exist in intact XP cells.
